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We present an all-optical method to load 174 Yb atoms into a single layer of an optical trap near 
the surface of a solid immersion lens which improves the numerical aperture of a microscope system. 
Atoms are transported to a region 20 /im below the surface using a system comprised by three 
optical dipole traps. The "optical accordion" technique is used to create a condensate and compress 
the atoms to a width of 120 nm and a distance of 1.8 /im away from the surface. Moreover, we are 
able to verify that after compression the condensate behaves as a two-dimensional quantum gas. 

PACS numbers: 37.10.De, 37.10.Gh, 67.85.Hj, 67.85.Jk 



I. INTRODUCTION 

Neutral atoms trapped in a two-dimensional optical 
lattice have been demonstrated to be a novel candidate 
for studying interacting many-body quantum systems 
p], Q and creating quantum simulators (J 3 • One of the 
most challenging aspects in the study of two-dimensional 
optical lattice systems was how to measure and manipu- 
late the atoms in each site of the lattice. In recent years, 
several techniques have been developed to observe the 
atoms with the help of high numerical aperture micro- 
scope systems 0,0. In particular, a system consisting of 
a solid immersion lens (SIL) and a high numerical aper- 
ture objective lens was utilized to detect single rubidium 
atoms in a two-dimensional optical lattice [5| . By simply 
introducing the solid immersion lens between the sample 
and the objective lens, the resolution of the system can 
be improved by a factor of the index of refraction of the 
hemispherical lens [7[. 

For a variety of quantum information processing, 
mainly represented by a quantum computer, it is required 
that the system is scalable, with the possibility of single- 
site manipulation and long coherence time for the quan- 
tum bit. The high scalability of a two-dimensional opti- 
cal system, combined with a high resolution microscope 
system is then an ideal candidate for a quantum com- 
puter. To obtain a long coherence time, alkali-earth like 
atoms such as Ca, Sr, Yb and Hg are preferable, since 
they have no electronic spin, which ensures a long coher- 
ence time compared with alkali atoms [8|. In particular, 
171 Yb has a 1/2 nuclear s pin which is ideal for imple- 
menting a quantum bit |9l-[ll|. In addition, most of the 
optical transitions in Yb are in the visible range, which 
ensures a high quantum efficiency and a high resolution 
for the microscope system. 
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Observation by a high resolution microscope system re- 
quires that atoms remain confined in a pancake-shaped 
region which is thinner than the depth of field of the 
objective lens. So far, several methods have been real- 
ized to create a two-dimensional system p], 0, [l2| . One 
of the methods consists of loading the atoms in a one- 
dimensional lattice, and then selecting a single slice from 
it by using a gradient magnetic field [6j . Another method 
is to compress an atomic cloud between the gradient po- 
tential of a magnetic field and a repulsive potential cre- 
ated by a blue-shifted evanescent wave [l[ . Both of these 
approaches are not applicable to atoms with an extremely 
small magnetic moment such as Yb. 

In this paper we report an all-optical approach to load 
ultracold atoms into a single layer of a standing wave 
near the surface of solid immersion lens. This method 
can be extended to other experiments using species with 
low magnetic moment as Sr, Ca and Hg. As the fermionic 
isotope 171 Yb has a very small scattering length [l3| mak- 
ing it unsuitable for evaporative cooling, we start our 
experiments with the 174 Yb bosonic isotope. A fermi 
degenerate gas of 171 Yb can be subsequently formed by 
sympathetic cooling by using 174 Yb as a coolant [13| . 



II. EXPERIMENTAL SETUP AND 
TRANSPORT OF ATOMS 

Our experimental setup consists of an ultra-high- 
vacuum (UHV) chamber in which the ultracold Yb atoms 
are prepared by using a magneto optical trap (MOT), 
and a glass cell containing the SIL (figure [T]). The spa- 
tial separation between the chamber and the SIL prevents 
the atomic beam from contaminating the surface of the 
lens, and allows a high optical access to the atoms. 

The first step of our experiment is to prepare ultracold 
174 Yb atoms with a MOT [14]. Atoms are slowed down 
with an increasing Zeeman slower and a laser beam de- 
tuned by 750 MHz to the ^o-^i transition (r/27r = 29 
MHz, A = 399 nm). The cooling beam for the MOT is 
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FIG. 1. Top view of the ultra-high- vacuum chamber. Atoms 
are slowed down by an increasing Zeeman slower, and then 
trapped with a 3D magneto optical trap. Attached to the 
metal chamber is a glass cell with 3mm thickness containing 
the SIL. 



in a 3D retro-reflective configuration and is tunned to 
the narrow intercombination line 1 So — 3 P\ (r/27r = 182 
KHz, A = 556 nm). After 12 seconds of loading time, 
we obtain 8 x 10 8 atoms at a temperature of 27 jiK. The 
lifetime of the MOT was approximately 3 minutes. To 
transport the cold atoms into the glass cell, we load the 
atoms in a horizontal optical dipole trap (ODT) with 
15W of power at 532nm and a beam waist of 23/im. The 
resultant potential has a depth of 800/iK. To effectively 
load the atoms from the MOT to the optical trap, we 
gradually compress the atoms by increasing the magnetic 
field, while lowering the intensity and decreasing the de- 
tuning of the cooling beam. Approximately 2 x 10 7 atoms 
are loaded into the horizontal ODT. Atoms are trans- 
ported by mechanically moving the focusing lens system 
that produces the ODT along the light propagating axis. 
In order to avoid heating due to mechanical vibrations, 
the lens system is placed over an air-bearing linear stage 
(Aerotech ABL1500). The time of transportation is 2 
seconds for a distance of 450mm, with the final number 
of 6 x 10 6 atoms. 

After transportation, the atoms are positioned at a 
distance of 300 jim from the surface of the SIL as seen 
in figure [2(a). The atomic cloud has the dimensions of 
1 mm and 25 /am in the axial and radial directions re- 
spectively, and a temperature of 47 fiK. At this point we 
perform a forced evaporative cooling by crossing a verti- 
cal beam and reducing the power of the horizontal ODT 
in an exponential manner. The vertical ODT crosses the 
horizontal ODT in such an angle that the incident angle 
of the vertical ODT into the SIL is at the Brewster angle 
as shown in figure [2(b). We choose this angle to avoid 
reflections of the vertical ODT from the plane surface 
of the SIL, that would generate a standing wave in the 
vicinity of the surface, interfering with the transportation 
of the atoms. The polarization was also selected using a 
Glan- Taylor prism, effectively reducing the reflection by 
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FIG. 2. Experimental setup for evaporative cooling and trans- 
port of 174 Yb atoms to the surface of the SIL. a) Atoms are 
transported using a horizontal ODT to a distance of 300 /xm 
under the SIL. b) Using a cross trap, atoms are cooled down 
to 2/zK. c) Atoms are transfered to the guide ODT and the 
horizontal beam is removed, d) The vertical ODT is displaced 
and the atoms move along the guide ODT to the center of the 
solid immersion lens. 



5 orders of magnitude. Forced evaporation is performed 
in 2 seconds, and 8 x 10 5 atoms at 2/iK are obtained. 
Further cooling is possible but reducing the temperature 
of the atoms would make the atoms more susceptible to 
heating during the following transportation stage. 

After reducing the axial length of the atom cloud by 
evaporative cooling, we further transport the atoms to 
the surface. To do this, we use an extra beam (guide 
ODT), that intersects the center of the SIL and the atom 
cloud, providing a path to precisely move the atoms to 
the center of the SIL. After loading the atoms into this 
beam, the horizontal ODT is gradually removed (see fig- 
ure [2(c)). The guide ODT is derived from a 532nm laser, 
with a power and beam waist of 2W and 20/im, respec- 
tively. The incident angle for this beam is also in the 
Brewster angle to prevent any unwanted reflections that 
would deteriorate the potential shape 

Finally, the vertical ODT is displaced by mechani- 
cally moving a mirror mounted over an air-bearing stage 
(Aerotech ABL10025) as shown in figure [2(d). The atoms 
move along the guide ODT to the center of the solid im- 
mersion lens, and the transportation of atoms is com- 
pleted. The final number of atoms is 5 x 10 5 with a 
temperature of 2 /iK, indicating that the temperature re- 
mained the same while 40% of the atoms were lost during 
the second stage of transport. This loss is due to an in- 
efficient transfer of the atoms from the horizontal ODT 
to the guide ODT, a small misalignment in the path of 
the vertical ODT during transport, and also three-body 
losses. The final distance of the atoms from the surface 
of the SIL is 20/im. As the atomic cloud size is roughly 
spherical with a 20 /am diameter, further transportation 
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of atoms will lead to loss of atoms due to van der Waals 
interaction with the surface of the SIL. Figure HJa) shows 
the absorption images of atoms during transport. The 
probe beam is reflected by the surface of the SIL, gen- 
erating two symmetrical images of the atomic cloud. By 
measuring the distance between the two clouds we can 
precisely estimate the distance from the surface. 

III. CREATION OF A BOSE-EINSTEIN 
CONDENSATE AND COMPRESSION BY 
OPTICAL ACCORDION 

To create a two-dimensional system of Yb atoms in an 
all-optical way, we used the "optical accordion" technique 
[HI, [HI , which consists of an one-dimensional optical lat- 
tice with manipulable periodicity. By reflecting a laser 
beam in a shallow angle into the SIL, a standing wave 
with a wavelength Xac = -V sin 9 ac dependent on the 
incident angle Oac is obtained, where A is the wavelength 
of the accordion beam (figure [3f a)). By manipulating the 
incident angle, we can compress the atomic cloud to cre- 
ate a two-dimensional system. 
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FIG. 3. Experimental setup of the optical accordion for com- 
pression of atoms, a) Reflecting the beam at the surface of the 
SIL produces a standing wave with a period which is function 
of the incident angle, b) The incident angle is manipulated 
using a lens and a moving mirror, c) d) Estimated potential 
in the vertical direction when the incident angle is 0.75 and 
6.2 degrees, respectively. 

The apparatus used to change the incident angle of the 
accordion beam, consists of a lens and a moving mirror, 



as shown in figure [3fb). The lens is a 2 inch achromatic 
lens with a focus length of 200 mm. The focus point is 
aligned to the center of the SIL. When the mirror moves, 
the position of the beam axis displaces laterally, result- 
ing in a change of the angle of the refracted beam. This 
setup allows us to change the incident angle by ± 14 
degrees. The mirror is moved using an air-bearing me- 
chanical stage to avoid mechanical vibrations (Aerotech 
ABL10050). 

The accordion beam is derived from a pulse laser cen- 
tered at 780nm, with a repetition rate of 80MHz and a 
pulse duration of 1.3 ps. The coherence length of this 
pulse is approximately 500 /im, which is much shorter 
than the radius of the solid immersion lens (R = 5 mm). 
Consequently, reflections inside the solid immersion lens 
will not coherently interfere with the incident beam, and 
a clean standing wave profile can be obtained. The com- 
pression procedure starts with an incident angle of 0.75 
degrees, as shown in the solid curve of figure [3fc). At this 
angle, due to the Gaussian profile of the incident beam 
and the effect of gravity only one layer of standing wave 
forms. After adiabatically ramping up the intensity of 
the accordion beam in 100 ms, the vertical beam is grad- 
ually removed, and all the atoms are transferred into the 
first layer of the standing wave (figure H(b)). 
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FIG. 4. (Zero time-of-flight) Absorption images of the trans- 
portation and compression process. The probe beam reflects 
in the surface of the SIL, producing two symmetrical images 
of the atom cloud, a) Transport of the atoms into a region 
20/im below the surface, b) Transfer of atoms from the ver- 
tical ODT to the first layer of the optical accordion standing 
wave, c) BEC is created after forced evaporative cooling, d) 
After compression, atoms appear as a single spot in the ab- 
sorption image due to the limited resolution of the imaging 
system. 

With the atoms loaded in the optical accordion, we 
perform a forced evaporative cooling of the atoms by 
exponentially decreasing the intensity of the accordion 
beam, as seen in figure [3^c) (dotted line), while keep- 
ing the intensity of the guide ODT constant. The initial 
number and phase-space density are 5 x 10 5 and 0.14, 
respectively. After 3 seconds of evaporative cooling, a 
BEC of 1.2 x 10 4 atoms is obtained. The transition tem- 
perature, estimated using the thermal expansion of the 
bimodal distribution, was 170 nK. The absorption image 



after 5 ms of free expansion is shown in figure [5fa). Since 
the intensity of the guide ODT provides an strong con- 
finement along the radial axis, the cloud expands rapidly 
in a direction almost perpendicular to the guide ODT, 
which is a clear signature of the condensate described by 
the Thomas-Fermi approximation. 
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FIG. 5. Absorption images and density distributions of the 
atomic cloud after 5 ms of free expansion, a) BEC before the 
compression showing a typical anisotropic parabolic distribu- 
tion along the long axis. The number of atoms in the BEC 
is 1.2 x 10 4 and the transition temperature is 170 nK. b) 
Optical accordion angle changes and atoms are compressed. 
Only 2000 atoms remain in the trap after a rapid loss due to 
three-body collisions. Atoms expand anisotropically, but the 
distribution along the vertical axis is Gaussian, showing that 
the cloud behaves as a two-dimensional system. 

Finally, the angle of the optical accordion is gradually 
increased to 6.2 degrees in 140 milliseconds, and the first 
layer is compressed as shown in figure [3fd). Only 2000 
atoms remain in the trap after compression, positioned at 
1.8 /im below the surface of the SIL. Before compression, 
the density of the condensate is 4 x 10 13 cm -3 , result- 
ing in a three-body loss rate of approximately 0.1 s _1 . 
During compression the density increases, leading to an 
increment of the three-body loss by more than two or- 



ders of magnitudes. As a result, atoms are rapidly lost 
due to three-body collisions. The atomic cloud after 5 
ms of time-of-flight has also an anisotropic profile char- 
acteristic of condensates, with a density profile that is 
no longer parabolic (figure Efb)) as would be expected in 
the Thomas- Fermi limit. After compression, the vertical 
trap frequency is 4.1 kHz, while the mean field energy is 
calculated to be E m f/27rh = 640 Hz. As the mean field 
energy is considerably lower than the energy gap in the 
harmonic potential, all atoms reside in the ground state, 
and consequently, have a Gaussian momentum distribu- 
tion. The resultant density distribution after compres- 
sion, as shown in figure Efb), is Gaussian, indicating that 
atoms are in a deep 2D regime, confined to the ground 
level of the harmonic potential in the vertical direction. 
The final shape of the atomic cloud is roughly a disc with 
a diameter of 5 /im and a thickness of 120 nm. 



IV. CONCLUSIONS 

We have demonstrated an all-optical method to trans- 
port Yb atoms to a distance of 20 fim below the surface of 
a solid immersion lens. The optical accordion technique 
was then utilized to create a Bose-Einstein condensate 
and compress the atoms into a thin layer of 1.8 /im be- 
low the surface of the lens. We were able to confirm that 
the atoms are in a deep 2D regime as a consequence of 
a strong confinement in the vertical direction created by 
the compressed optical accordion. The solid immersion 
lens, which increases the numerical aperture by a factor 
of the index of refraction of the lens, will provide a tool 
to observe and manipulate atoms with a high resolution 
microscope Q . Our all-optical scheme will work with 
all atomic species regardless of the magnetic moment. 
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